this modification is associated with actively transcribing genes [5, 7]. As shown in Figure 1A, and data not shown). We therefore normalized the dependent protein kinase, as a specific regulator of amount of protein loaded in our Western analyses to K4 trimethylation [6]. Surprisingly, BUR also reguthe levels of H3. As shown in Figure 1B , we found that lated H2B monoubiquitylation, whereas other K4 the BUR2 deletion nearly abolished K4 trimethylation. methylation states and H3 lysine 79 (K79) methylation However, this deletion did not affect the mono-or diwere unaffected. Synthetic genetic array (SGA) and methylation states of K4. In addition to K4 methylation, transcription microarray analyses of a BUR2 mutant we also examined the effects of the bur2⌬ on other hisrevealed that BUR is functionally similar to the PAF, tone modifications. As shown, the loss of Bur2 did not Rad6, and Set1 complexes. These data suggest that affect the levels of K79 di-or trimethylation or other BUR acts upstream of these factors to control their sites of histone acetylation, suggesting that the effects function. In support, we show that recruitment of the of bur2⌬ are highly specific for the trimethylation state PAF elongation complex to genes is significantly imof K4 ( Figure 1B and data not shown) . Importantly, the paired in a BUR2 deletion. Our data reveal a novel loss of K4 trimethylation could be restored with ectopifunction for the BUR kinase in transcriptional regulacally expressed BUR2 ( Figure 1C) . As a comparison, we tion through the selective control of histone modificaexamined these same modifications in a rad6⌬ strain.
(B) Characterization of bur2⌬ and rad6⌬ effects on multiple histone modifications. Increasing amounts of either wt (BY4741) or bur2⌬ WCE, and WCE from a rad6 mutant, were resolved by 15% SDS-PAGE and transferred to PVDF. Individual panels were immunoblotted with the specified antibody. It is notable that histone levels in bur2⌬ cells were determined to be partially reduced as compared to wt (see Figure S1 ). Thus, wt and bur2⌬ WCEs were normalized such that the histone H3 levels were equivalent. (C) Exogenous expression of BUR2 or BUR1 rescues the loss of K4 trimethylation in bur2⌬. Normalized WCEs from wt or bur2⌬ cells transformed with empty vector or with a BUR2 or BUR1 expression vector as indicated were immunoblotted as described above with the specified antibody. (D) A bur1 temperature-sensitive allele loses K4 trimethylation. Normalized WCEs from either wt (GY312) or bur1-1 (GY114) grown at the semipermissive temperature 30°C were resolved as described above and immunoblotted with the indicated antibody.
transformed with a BUR1-containing expression vector.
cifically regulate global K4 trimethylation levels. Importantly, this is the first factor identified outside of the A previous study had shown that overexpression of a wild-type BUR1 allele in a bur2⌬ strain partially rescues COMPASS complex that selectively controls a specific K4 methyl state and separates the regulation of K4 and the slow growth phenotype of the mutant, thus showing that the major, if not only, role of Bur2 is to regulate the K79 methylation from one another [18, 19]. Histone H2B ubiquitylation is a known prerequisite kinase activity of Bur1 [6]. Consistent with this observation, overexpression of BUR1 in the bur2 deletion mufor the establishment of both K4 and K79 methylation. Deletion of factors such as the ubiquitin E2 conjugating tant strain resulted in a significant restoration of K4 trimethylation ( Figure 1C) . Independently, we analyzed enzyme Rad6, the E3 ligase Bre1, or members of the PAF elongation complex results in the loss of H2B ubiqthe levels of K4 trimethylation in a temperature-sensitive bur1-1 mutant strain grown at a semipermissive uitylation and leads to near abolishment of both K4 and K79 methylation [8, 10-12, 20, 21]. To determine if a temperature that does not completely inactivate the kinase activity [17] . Analysis of histone modifications in loss of Bur2 would affect H2B ubiquitylation, we deleted BUR2 in a strain that carries a single copy of H2B this strain revealed that although still present, K4 trimethylation levels were significantly reduced as comthat is N-terminally Flag epitope tagged. Surprisingly, the bur2⌬ strain had significantly less ubiquitylated pared to its wild-type counterpart ( Figure 1D ). This effect again was specific for K4 trimethylation because H2B as compared to its wild-type counterpart strain (Figure 2A) . Furthermore, this defect in H2B ubiquityla-K4 dimethylation and K79 methylation, as well as H3 acetyl K9 levels (data not shown), were not affected tion could be rescued by expressing exogenous BUR2, thus showing that the loss of H2B ubiquitylation was ( Figure 1D ). To confirm that the effects seen on K4 trimethylation in the bur2⌬ strain were not attributable to due solely to the loss of Bur2 ( Figure 2B ). We also compared the effects of bur2⌬ with a rad6 mutant, and, deficiencies in growth, such as defects in cell-cycle progression, we analyzed logarithmically growing cells consistent with work by others, we found that rad6⌬ completely abolished ubiquitylated H2B (data not by phase-contrast microscopy. Compared to wild-type cells, the bur2⌬ cells had no obvious defect in cell size shown) [9, 10]. We next wondered whether the loss of H2B ubiquior in the number of unbudded versus budded cells (data not shown). Furthermore, we synchronized wildtylation and K4 trimethylation might be due to downregulation of the machineries that mediate these moditype cells with nocodazole treatment and then analyzed the levels of both K4 trimethylation and H2B ubiquitylafications. We found, however, that the loss of H2B ubiquitylation could not be explained by decreased extion over time after release from the arrest. Again, we did not see any evidence that K4 trimethylation or H2B pression of factors known to regulate H2B ubiquitylation, such as Rad6, Rtf1, or Leo1, because deletion of ubiquitylation were regulated in a cell-cycle-dependent fashion (data not shown), thus suggesting that the efBur2 in yeast strains containing these factors TAP tagged did not show any decreased protein levels (Figfects on K4 trimethylation in the bur2 mutant are not due to altered cell-cycle progression. These data firmly ure 2C). We also confirmed that Bre1 protein levels and the protein levels of two members of the COMPASS establish that one function of the BUR kinase is to spe-the mRNA of factors known to affect H2B ubiquitylation and K4 methylation, such as components of the Rad6, PAF, and Set1 complexes, were unaffected (see http:// www.utoronto.ca/greenblattlab/BUR.xls). These results are surprising because to date, factors that have been shown to regulate H2B ubiquitylation also affect the levels of both K4 and K79 methylation. Thus, the data show the ability to uncouple the absolute levels of H2B ubiquitylation from the individual methyl states of K4 and K79.
Recent studies have shown that the PAF complex controls H2B ubiquitylation, at least in part, through its ability to recruit the E2-ubiquitin-conjugating enzyme Rad6, and its E3 ligase, Bre1, to Pol II [11, 21]. To determine whether bur2⌬ affected PAF-complex recruitment to genes, we performed chromatin immunoprecipitation (ChIP) to monitor Rtf1 association with the PMA1 gene by using yeast strains carrying RTF1 TAP tagged or a derivative strain also deleted for BUR2. Although we detected significant enrichment of Rtf1 on the promoter and entire open reading frame (ORF) of PMA1, this enrichment was dramatically reduced in a bur2⌬ strain ( Figure 3B ). The loss of Rtf1 recruitment was not due to an effect on the amount of Rtf1 protein in the bur2⌬ (see Figure 2C ) nor was it specific for only Rtf1. Strains carrying Leo1 TAP tagged or a derivative strain with BUR2 deleted also showed similar results (data not shown). We also deleted CTK1, as a control, in the Rtf1-TAP strain and monitored PAF recruitment. Whereas with bur2⌬ we observed a significant reduction in Rtf1 recruitment to PMA1, ctk1⌬ had either no affect (in the promoter) or marginally reduced Rtf1 recruitment (within the ORF) ( Figure 3B ), which is consistent with work by others [22] . Similar to results shown for the PMA1 gene, we found PAF reduction on other genes we examined in bur2⌬ ( Figure S2 and data not shown). These results demonstrate that the decreased PAF recruitment to genes in the bur2 deletion mutant is specific to BUR function and is not shared with another kinase complex (i.e., the Ctk1-containing CTDK-I com- fect the distribution of Pol II on genes, which is consistent with other studies ( Figure 3C ) [22, 23] . To confirm complex, Cps40 and Cps60, were not affected in bur2⌬ that bur2⌬ did not affect the Pol II CTD serine 5 phos-(data not shown). Furthermore, microarray analysis of phorylation state, we immunoblotted wild-type and bur2⌬ whole-cell extracts with an antibody that specigene expression in a bur2 deletion mutant revealed that obtained for rad6⌬, bre1⌬, rtf1⌬, paf1⌬,  swd1⌬, swd3⌬, and bur2⌬, a result consistent with all  (SWR1, SWC2, SWC3, SWC5 ) as well as from deletion of the histone H2A variant HTZ1. Swr1 is a member In this study, we have defined a novel function for the BUR kinase complex via its ability to selectively reguof the Snf2 family of ATPases, and the Swr1 complex incorporates the histone H2A variant, Htz1, into chrolate PAF recruitment to genes, histone K4 trimethylation, and H2B ubiquitylation. Furthermore, we show matin [35] [36] [37] . As was observed with our genetic analyses, the gene expression profiles of strains containing that BUR uncouples the regulation of K4 trimethylation and H2B ubiquitylation from the control of mono-and deletions of components of the Rad6, Paf1, and COM-PASS complexes were very similar to each other as well dimethylation at K4 and also from K79 methylation. To our knowledge, this is the first demonstration that the as with the profile generated from a BUR2 deletion (Figure 4B) . In contrast, HTZ1, SWR1, SWC2, SWC3, and different methyl states of a single histone lysine residue can be independently regulated by factors existing out-SWC5 clustered next to each other and were distinct from BUR2, CTR9, CDC73, LGE1, BRE1, RAD6, and side of the target lysine's HMT complex. These data also suggest that the K79 methylation levels in yeast SDC1 in this gene-expression analysis. Microarray experiments also have been conducted on over 400 other are not coupled directly to the absolute levels of histone H2B ubiquitylation per se because in the bur2⌬, in strains containing individual deletions of genes implicated in some aspect of transcription or chromatin which there is a significant decrease in H2B ubiquitylation, no effect on K79 di-and trimethylation was obfunction (N.J.K., T.R.H., and J.F.G., unpublished data). The clustering of this larger data set (not shown) also served. Such data may seem difficult to reconcile given the known requirement of Rtf1 and H2B ubiquitylation reflects the data represented in Figure 4B , in which BUR2 clustered next to components of the Rad6, Paf1, and for K79 methylation; however, recent reports have shown that the recruitment of Dot1 to coding regions COMPASS complexes. Therefore, both the genetic and the gene-expression data suggest that all four comof genes is largely independent of Rtf1, whereas Set1 recruitment is dependent on Rtf1 [7, 8, 20]. Such findplexes are functionally similar, and these data would argue strongly that the BUR, Rad6, PAF, and COMPASS ings suggest that these two HMTs are regulated by independent mechanisms and, therefore, might be afcomplexes are in the same genetic pathway.
